Abstract. Nanocrystalline TiN (or nc-TiN) has been imbedded in amorphous silicon nitride (a-SiN x ) matrix to form a nanocomposite thin film (nc-TiN/a-SiN x ) via magnetron sputtering deposition on silicon wafer. Two important effects of the Si 3 N 4 sputtering target power on the formation of nc-TiN/a-SiN x have been studied: (1) Aside from forming a-SiN x in the matrix, Si atoms also imbed into TiN to form (Ti,Si)N solid solution crystallites. At low target power, the solid solution is substitutional. With increase of power, the amount of silicon "dissolved" in the TiN crystallite increases, and in the meantime, the interstitial components increase which is manifested in the increase in the TiN lattice parameter. (2) The crystallites have a preferred orientation varying with the deposition target power. As conveniently described by the coefficient of texture, the degree of preferred orientation along [111] direction decreases and finally tails off with increase of power. At the same time, the crystallites orient along [200] and [220] direction and eventually [220] direction dominants.
Introduction
Nanocomposite films have received much attention recently because they have improved mechanical [1] [2] [3] properties owing to the size effect [4, 5] unattainable from just a layered composite [6] . Nanocomposite nc-TiN/a-SiN x thin film can be produced by co-sputtering of Ti and Si 3 N 4 targets in N 2 and Ar atmosphere to reach a hardness of about 40 GPa [7] . Reactive magnetron sputtering is a conventional and versatile technique in film deposition. It has been noted that the power density has a significant effect on the film topography, preferred orientation, lattice distortion and residual stresses. This paper concentrates on the effects on lattice distortion and preferred orientation of the crystallites during magnetron sputtering deposition of nc-TiN/a-SiN x nanocomposite thin films.
Experimental
Nanocomposite nc-TiN/a-SiN x thin films were prepared through co-sputtering of a 7.62 cm Ti (99.99 %) and Si 3 N 4 (99.999%) targets in an Ar/ N 2 atmosphere in a magnetron sputtering system (Penta Vaccum, Singapore). Silicon (100) wafers were used as substrates. The substrates were ultrasonically rinsed in acetone before deposition. The substrate holder rotated at 15 rpm during the deposition for uniformity. The deposition chamber base pressure was 1.33 × 10 -5 Pa, and during deposition the gas pressure was 1 Contact email: msyzhang@ntu.edu.sg, Phone: 65-6790 4400, Fax: 65-6791 1859 0.67 Pa and gas flow rate 30 sccm. The substrate-to-target distance was 100 mm. Deposition was performed at a substrate temperature of 450 °C. In this study, four types of nc-TiN/a-SiN x films were prepared at constant Ti target power of 250 W and N 2 /Ar gas ratio of unity and different Si 3 N 4 target powers (c.f. Table 1 ). The thickness of the films was determined to be 600 nm by cross-sectional scanning electron microscopy (SEM, JEOL JSM-5600LV). Composition profiling was conducted through X-ray photoelectron spectroscopy (XPS) analysis using a Kratos-Axis spectrometer with monochromatic Al K α (1486.71 eV) X-ray radiation after removal of surface contamination using Ar ion etching for 15 minutes at 15 keV. The details can be found in Ref [7] . The crystallinity of the films was characterized using Philips analytical X-ray (PW1830) diffractometer with Cu tube anode at 30 kV/ 20 mA. The scanning was conducted from 30° to 65° at step size 0.01° and 0.5 seconds per step. In fact, the SiN x exists as amorphous phase as determined by TEM and XPS studies we published earlier [7] . The amorphous SiN x encapsulates the growing TiN crystallites, preventing their growth [8] . Aside from forming amorphous SiN x in the matrix, Si also enters TiN crystallites as solid solute. Table 1 also entered the lattice parameter measurements of the TiN crystallites from the XRD profile shown in Fig. 1 . With increase of Si 3 N 4 target power, the lattice parameter increases from 0.42350 nm to 0.44408 nm. It is interesting to note that the measured TiN lattice parameter of 0.42350 nm at the lowest Si 3 N 4 target power (50 W) is smaller than that of the data base value of 0.42417 nm, all other values are larger than this value. At 50 W power level, the target power density is only 1.1 W cm -2 , there was reason to believe the silicon ions for this deposition had very low kinetic energy thus very low mobility. In such a case, Si forms substitutional solid solution with TiN [8] , i.e., (Ti, Si)N. Since the ionic radius of Si 4+ (0.041 nm) is only about half of that of Ti 3+ (0.075 nm), substitution of Ti with Si results in reduction in lattice parameter. Thereafter, the Si 3 N 4 target power was increased to 100 W, 150 W and 250 W, Si ion would have obtained much more kinetic energy thus formed interstitial solid solution [9] . Therefore, an increase in lattice parameter was observed. Where I m (hkl) is the measured relative intensity of the reflection from the (hkl) plane, I 0 (hkl) is that from the same plane in a standard reference sample (JCPDS 38-1420), and n is the total number of reflection peaks from the coating. In present study, n = 3 since only 3 major directions are involved (111, 200 and 220). The degree of preferred orientation denoted by coefficient of texture calculated through eqn(1) is tabulated in Table 1 The orientation and the evolution of the growing films depend basically on the effective total energy: the rule of the lowest energy. This is also true in the case of preferred growth orientation of TiN films [14] . The most prominent competition energies are surface energy [15] and strain energy [16] . The surface energy of a plane can be calculated using the sublimation energy and the number of free bonds per surface area. For TiN the surface energy for the (111), (200) and (220) are 400, 230 and 260 Jm -2 , respectively. Sublimation energy is 6.5 × 10 -19 J/ atom [15, 17] . The (200) plane is the plane of the lowest surface energy in the TiN crystal (which has the NaCl-type structure [18, 19] ). Thus, when the surface energy is the main drive force the TiN crystallites will orient on (200) plane (or [200] direction). Thus at the very beginning of the deposition, it should be a surface energy controlled process because the strain energy has not kicked in yet, thus (200) crystallographic plane should predominantly parallel to the substrate surface. Since the total strain energy is proportional to the layer thickness and depends on the mean elastic moduli acting in the (hkl) plane parallel to the interface, competition from strain energy kicks in as the film grows. For pure TiN, the strain energy is minimized when the (111) plane is parallel to the interface [17] . In our experiment, even though the crystallite is not pure TiN, but (Ti, Si)N solid solution, at low Si 3 N 4 target power, the amount of Si atoms in the TiN lattice is very limited (less than 2 at% in the whole film at 50 W as revealed by XPS, c.f. Table 1) , thus the strain energy of the (111) plane dominants. As a result, the (111) texture is resulted. As deposition power increases, the ions obtain greater kinetic energy enough to force into the empty space in the TiN lattice and form interstitial solid solution, as manifested in the Journal of Metastable and Nanocrystalline Materials Vol. 23lattice parameter increase (c.f., Table 1 ). Meanwhile, simple calculation reveals that for fcc structure, (111) plane has the highest planar density (PD) [20] (defined as number of atoms per unit area in the plane): 0.29/r 2 where r is the radius of the atom forming fcc lattice. Thus squeezing into (111) plane is more difficult (would cause more increase in total system energy). For (200), PD = 0.25/r 2 , and for (220), PD= 0.18/r 2 . Therefore, it is more probable for the arriving ions to insert into (200) or (220) planes resulting in the least increase in the total system energy (less strain energy generated because the atoms or ions do not have to squeeze as hard). Consequently, since (220) plane has the lowest planar density, at high deposition power, the preferred orientation becomes [220] . A crossover occurs at (200) and (220) texture when the competition between the surface energy and the stain energy does not yield any obvious winner.
Results and discussions

Summary
Two important effects of the Si 3 N 4 sputtering target power on the formation of nc-TiN/a-SiN x have been studied:
(1) Aside from forming a-SiN x in the matrix, Si atoms also imbed into TiN for (Ti,Si)N solid solution crystallites. At low target power, the solid solution is substitutional. With increase of power, the amount of silicon "dissolved" in the TiN crystallite increases, and in the meantime, the interstitial components increase which is manifested in the increase in the TiN lattice parameter. 
